The relationships between the martensitic phase transformation kinetics, texture evolution, and the microstructure development in the parent austenite phase were studied for a 304L stainless steel that exhibits the transformation-induced plasticity effect under biaxial loading conditions at ambient temperature. The applied loading paths included: pure torsion, simultaneous biaxial torsion/tension, simultaneous biaxial torsion/compression, and stepwise loading of tension followed by torsion (i.e., first loading by uniaxial tension and then by pure torsion in sequence). Synchrotron X-ray and electron backscatter diffraction techniques were used to measure the evolution of the phase fractions, textures, and microstructures as a function of the applied strains. The influence of loading character and path on the changes in martensitic phase transformation kinetics is discussed in the context of (1) texture-transformation relationship and the preferred transformation of grains belonging to certain texture components over the others, (2) effects of axial strains on shear band evolutions, and (3) volume changes associated with martensitic transformation.
I. INTRODUCTION
METASTABLE austenitic steels exhibit martensitic phase transformation, which involves the transformation of the parent austenite (c) phase to bcc/bct (a¢) and hcp (e) martensite phases under applied strains, cooling, or both. [1] [2] [3] [4] The in situ formation of the harder a¢ martensite phase during deformation increases ductility while maintaining the high strength of the material by not only forming effective barriers to dislocation motions stronger than dislocation tangles, but also deforming with the austenite matrix, [5] thus bringing forth the transformation-induced plasticity (TRIP) effect.
Due to their exceptional mechanical properties, TRIP and TRIP-assisted steels have garnered significant interest. Consequently, TRIP behavior has been studied extensively and is fairly well understood under monotonic uniaxial deformation conditions (tension or compression) at a wide range of temperature; [6] [7] [8] [9] [10] [11] strain rates; [8, 12, 13] ; and grain sizes. [14] [15] [16] [17] Furthermore, fundamental studies of texture-transformation relationship [3, 6, 18] and distribution of lattice strains between the constituent phases [19] [20] [21] [22] have been conducted for a better understanding of the micro-mechanics of the TRIP phenomenon.
During cold-forming operations, conventional steels may require additional processes such as inter-pass annealing to achieve the final desired form without premature failure. However, the TRIP phenomenon can help achieve higher cold deformation levels without the need of additional treatments and hence plays an important role in determining material formability. Therefore, understanding the factors affecting transformation kinetics in more realistic forming operations is of significant technical importance. Specifically, the loading-path dependency of phase transformations is one of the most important fundamental issues and requires further investigation.
According to Patel and Cohen, [4] martensitic transformation can be enhanced or suppressed by the stress imposed in relation to the nature of the work done by the stress during the transformation. In this context, shear and normal tensile components were reported to favor the transformation, whereas the normal compressive stress would act against it. Kulin et al. [23] have also pointed out the importance of the sign of normal stresses on the phase transformation behavior. In their research using bent steel alloys, the a¢ content was larger at the tensile region compared to the compressive area, while the shear components were the same in both regions. Furthermore, Hecker et al. [8] observed the transformation behavior of a 304 stainless steel deformed under uniaxial tension and balanced biaxial tension with higher content of martensite under the latter. Subsequently, Murr et al. [24] reported that under biaxial tension, more shear band intersections provided more nucleation sites for martensite embryos, resulting in enhanced martensitic transformation.
Texture-transformation relationship [3, 6, [25] [26] [27] is another important issue to be taken into account in the current study to explain the rate of the transformation kinetics. The texture evolution in TRIP steels can influence the martensitic phase transformation such that grains with certain crystallographic orientations can transform more readily than others. For instance, Tao et al. [18] and Oliver et al. [3] have found grain families aligned with their {100} plane normals parallel to the loading axis to be more preferred for transformation under uniaxial deformation (i.e., compression and tension). Furthermore, Cakmak et al. [27] recently reported the preferential transformation of austenite grains belonging to the C texture component over the others during torsional deformation of a 304L stainless steel.
Most engineering materials are subjected to a combination of shear and axial forces during manufacturing processes and applications. For instance, in the case of sheet metal forming processes, the local stress state at a point in the material can have any arbitrary combination of shear and tension leading to variations in the phase transformation kinetics at different points in the material, potentially resulting in distortions in the finished product. [28] However, particularly for torsional behavior, most of the previous studies were focused on single-phase materials and deformation-induced textures, e.g., [29] [30] [31] [32] . Among these, Canova et al. [29] have conducted major work in understanding the torsion texture development of single-phase fcc materials. Later, Montheillet et al. [30, 31] have studied the effects of induced axial forces on texture development under fixed-end torsion testing in singlephase fcc and bcc materials. On the other hand, Toth et al. [33] studied the behavior of fcc metals under free-end torsion and related the observed length changes to certain texture components, whereas Baczynski and Jonas [32] conducted a similar study with bcc metals.
Yet, basic studies on phase transformation under torsional or multi-axial deformation [27, [34] [35] [36] remain limited. Among these, Miller and McDowell [34] discussed the macroscopic stress-strain behavior and differences in phase transformation in a 304L stainless steel under various deformation modes such as torsion, compression, torsion followed by tension, and compression followed by torsion. Similarly, Lebedev and Kosarchuk [35] compared the martensitic phase transformations observed under tension, compression, and torsion in an Fe-Cr-Ni austenitic stainless steel. Finally, Cakmak et al. [27] focused on the phase transformation kinetics and its relationship with the texture evolution under torsional deformation of a 304L stainless steel.
Overall, the fundamental understanding on transformation-texture-microstructure relationships under combined shear and axial loads is lacking. In this paper, we first present the phase transformation-texture relationship during torsional deformation for a metastable 304L stainless steel. We will then discuss phase transformation kinetics and their relationship with texture evolution as well as deformation/transformation microstructures under biaxial deformation modes in comparison with the torsion case. The biaxial deformation modes discussed include simultaneous torsion/tension, simultaneous torsion/compression, and stepwise loading of tension followed by torsion (i.e., loading in sequence of pure tension followed by pure torsion). The measurements are performed using synchrotron X-ray and electron backscatter diffraction techniques (S-XRD and EBSD). The influence of loading characters and paths on the phase transformation kinetics will be discussed in the context of texture-dependent preferential transformations, shear band evolutions, and volume changes associated with martensitic phase transformation.
II. MATERIAL AND MECHANICAL TESTING
A cylindrical bar of commercial-grade 304L stainless steel, extruded and austenitized, was used as a model system. The as-received material had a weak initial extrusion texture containing a mixture of (111) [12, 37, 38] and the alloy is considered a low-SFE material.
The mechanical tests were conducted using the servohydraulic MTS multi-axial load frame of the VULCAN beamline at Oak Ridge National Laboratory. The testing specimens were machined with a gage length of 5 mm (parallel to the extrusion direction) and a diameter of 10 mm (see Figure 1 (a); Figure 1 (b) will be discussed later in Section III), except for the biaxial torsion/compression specimens, which had a slightly longer gage length (7 mm) to provide adequate length for the compressive deformation. The reason for the relatively short gage length used in this study was to maximize the achievable shear strains per degree of rotation according to Eq. [1] , where c is the shear strain, r is the radius of the specimen, h is the angle of rotation in radians, and L is the gage length. [37] c ¼ rh L ½1
All of the applied strains are summarized in Figure 2 in terms of applied shear and true axial strains for various loading paths studied: torsion (T), simultaneous biaxial torsion/tension (BT), biaxial torsion/compression (BC), and stepwise tension followed by torsion (S). First, the specimens were deformed under torsion to nine different shear strain levels, c = 0 to 2.55 (see in Figure 2 ) at an applied equivalent strain rate of 5 9 10 À3 s À1 at room temperature under the fixed-end condition. [27] In order to compare the results from the biaxial cases to the torsional case, von Mises equivalent strains were used. Total equivalent strains of the biaxial tests were matched to the pure torsion cases by adjusting the normal to shear strain ratio using Eq. [2] for simultaneous deformations and Eq. [3] for the stepwise case
where e eq is the total equivalent strain and e ax is the applied axial strain. [39] The biaxial deformations were carried out using the same equivalent strain rates as the torsion case. However, even though it was possible to control the axial and torsional strain rates separately under stepwise deformation, only one strain rate could be controlled under simultaneous biaxial loading. Accordingly, for the simultaneous loading cases, the torsional equivalent strain rates were set to 5 9 10 À3 s À1 and the resulting axial strain rates were found to be on the order of 10 À3 s À1 . Finally, subsets of the data were selected from each simultaneous biaxial deformation case with similar applied axial strains (from 0.12 to 0.23 for torsion/tension and À0.1 to À0.17 for torsion/compression), shown as filled symbols in Figure 2 , for further analyses. The actual shear to axial strain ratios are presented in Table I along with the specimen designation scheme used in this study.
III. TEXTURE AND PHASE FRACTION MEASUREMENTS USING S-XRD
Following the mechanical deformations, pins of 3 mm diameter were extracted from the central portions of each deformed specimen along the radial direction for subsequent S-XRD measurements using electric discharge machining (see Figures 1(a) and (b) ).
The diffraction experiments were conducted using high-energy synchrotron radiation at the Advanced Photon Source (APS), Beamline 11 ID-C, at Argonne National Laboratory. The wavelength employed was 0.107841 angstroms with a nominal sample to detector distance of 1120 mm, which covered 11 reflections each for the fcc [(111) to (440)] and the bcc [(110) to (420)] phases. The beam size was 300 lm 9 500 lm, which allowed us to illuminate approximately 3600 grains along a single transmission beam path through the tip of the pin, i.e., near the surface of the deformed gage section. However, it should be noted that, for the texture and phase fraction analyses, the diffraction sampling involves much larger number of subgrains through the x and v rotations. A Perkin-Elmer area detector was used to obtain the Debye-Scherrer rings using the transmission scattering geometry.
The diffraction data were collected by mounting the pin samples on a rotary stage and by rotating x from 0 to 180 deg with a 30 deg step size obtaining full pole coverage as depicted in Figure 1 . The Debye-Scherrer rings were converted into diffraction patterns using the Fit2D software by ''caking'' the 2D image data from 0 to 360 deg around the v (or g) orientation with a 10 deg interval. The diffraction data were then analyzed for phase fractions and texture by performing Rietveld refinement using the Material Analysis Using Diffraction (MAUD) software [40] and using the E-WIMV algorithm for the texture analysis. The raw pole figure data were processed further using the MTEX quantitative texture analysis software [41] for texture rotations, calculating and plotting orientation distribution functions (ODFs), and quantitative texture analyses.
With its high energy (i.e., small wavelength), S-XRD [14, 21, 42, 43] enables complete pole coverage and collection of many {hkl} reflections from multiple phases, essential for ODF calculations. Furthermore, the high angular resolution enables a better separation of the overlapping peaks from multiple phases (fcc, bcc, and hcp) and detection of the weaker peaks at earlier stages of transformation.
IV. MICROSTRUCTURAL CHARACTERIZATION USING EBSD
Following S-XRD measurements, select samples from torsion (T3-T6), biaxial torsion/tension (BT3-BT6), and biaxial torsion/compression (BC3-BC6) specimens were characterized using EBSD to investigate the microstructure-phase transformation-texture evolution relationships. The same pin specimens used for the S-XRD measurements were used for the EBSD measurements. The pins were mounted in conductive resin exposing the Z-h plane (see Figure 1) to the electron beam. The mounted samples were ground and polished with abrasive papers and diamond emulsions with sequentially decreasing the abrasive particle size down to 0.25 lm, then finished with colloidal silica of 0.03 lm particle size.
The EBSD measurements were performed on an AZTEC system with a NordlysNano detector provided by OXFORD Instruments. The applied beam energy (acceleration voltage) was 20 kV with a probe current of 2 nA, and the scan step size was 0.5 lm. Five different areas (150 lm 9 120 lm) were scanned for each specimen to improve the statistics. Crystallographic data of bcc, fcc and hcp iron were used for the automated indexing of EBSD patterns (EBSP), which were recorded in 168 9 128 pixel dimension on the detector screen and maximum 14 bands in EBSP were used for the indexing. Using CHANNEL5-TANGO software, various maps illustrating necessary crystallographic features were reproduced from the collected mapping data. The band contrast map, which is equivalent to image quality or pattern quality maps in other commercial EBSD systems, was used to characterize the morphological features on the microstructures. The phase, orientation, and texture component maps were also constituted and overlaid on the band contrast map. As the name suggests, the phase maps show the distribution of the phases in the microstructure. The orientation map, on the other hand, shows the alignment of the (hkl) plane normals of the grains with a given specimen direction such as Z. Finally, the texture component map reveals which ideal texture component the grains belong to. The texture components were identified using a maximum deviation angle of 20 deg in order to overcome any orientation gradient inside the grains that could occur due to the high level of deformation.
V. RESULTS
A. Phase Transformation Kinetics
Pure torsion
The cfia¢ transformation kinetics during the torsional deformation are presented in Figures 3(a) and (b) with the transformation rate in Figure 3 (c) as a function of applied equivalent strains. The transformation curve shows that after a short incubation period the a¢ fraction increases up to 63.5 wt pct for the specimen T9 at an applied equivalent strain of 1.47. The corresponding transformation rate shows a sharp increase to T5 followed by a sharp decrease until T7 followed by a more gradual decrease. Throughout this paper, some results from the torsion studies [27] are presented, where required, with the new results in order to establish a baseline understanding.
Simultaneous biaxial torsion/tension and torsion/compression
All martensitic phase transformations (cfia¢) under BT and BC, in comparison to T, are presented in Figure 3 (a). During the simultaneous biaxial tests, e ax levels are varied between 0.035 to 0.8 in tension and À0.07 to À0.46 in compression (see Figure 2 ) while adjusting the shear strains according to Eq. [2] , to match the e eq levels under T. Overall, for a given applied equivalent strain, it is observed that the martensitic phase transformation is enhanced for BT compared to T, whereas it is suppressed under BC. Figure 3 (b) shows the bcc martensite evolution of the BT and BC subsets in comparison to the T data.
Figure 3(c) shows that the peak transformation rate for each deformation mode is observed at similar equivalent strains. The BT case, however, shows the highest peak transformation rate earlier and then diminishes rapidly, while the BC case shows the lowest peak transformation rate that stays below the case of T throughout the strain range studied. The Olson-Cohen method ( [2] (Eq. [4] ) was used to compare differences in the phase transformation kinetics by fitting the bcc martensite fraction-plastic strain curves in Figure 3 (b):
where f a¢ is the bcc martensite fraction, a is a parameter representing the rate of shear band formation, b the probability that a shear-band intersection will generate a martensitic embryo, e the equivalent strain, and n an exponential constant. The least squares method was used to fit the transformation curves, using Eq. [4] , and the resultant fit parameters (a and b) are shown in Figure 3 (b) as an inset. First, all fitting parameters including the exponential constant, n, were allowed to vary for the T case resulting in a = 1.26, b = 1.55, and n = 2.59. For the BT and BC, n was fixed to 2.59 when fitting the data. When the results are compared, the a parameter increases from 1.26 (T) to 1.73 for BT and to 1.63 for BC, whereas the b parameter increases from 1.55 (T) to 1.69 for BT and decreases to 0.93 for BC.
Furthermore, the b parameter is also directly linked to the saturation fraction of the a¢ martensite per the relation: f sat = 1 À exp(Àb). Accordingly, the a¢ martensite saturation fractions can also be estimated based on the current fits, which yields a¢ martensite fractions of 0.79, 0.82, and 0.61 for T, BT, and BC, respectively, in agreements with the experimental results.
Stepwise tension followed by torsion
In the case of stepwise tension-torsion, the samples were subjected to a uniaxial tensile pre-strain of about 0.13 prior to the torsional straining as shown in Figure 2 and Table I . Similar to the simultaneous biaxial deformation cases, the equivalent strains under stepwise tension-torsion are calculated using Eq. [3] to match the strains to their torsional counterparts. However, since the tensile pre-strains were only on the order of~0.13, martensitic transformation occurred mainly during the subsequent torsional straining (a¢ % 1.3 wt pct from tensile pre-strain). Therefore, the bcc phase evolution results observed for the S case are presented in Figure 4 as a function of applied shear strains to better illustrate the influence of tensile pre-strains on the transformation kinetics in comparison to T. Overall, the amount of bcc martensite is significantly higher for the S case than the T case. Moreover, the incubation period was not as noticeable for the S case unlike the T case.
The hcp martensite evolution was also detected in the S-XRD measurements. This is not discussed in the current work since observed differences in the phase fractions between the different deformation modes were not as significant as those observed for the bcc martensite. Furthermore, the main emphasis of this study is focused on the mesoscopic relationships between fcc and the resulting bcc phases.
B. Texture Evolution
Pure torsion
The orientation relationships of the ideal fcc texture components observed under torsional deformation are listed in Table II . [44] The normals of the shear planes, {hkl}, are aligned with the axial direction (Z); the shear directions, huvwi, are aligned with the direction of the applied macroscopic shear (h) (see Figure 1) .
The texture evolution of the parent austenite and the bcc martensite phases under torsional deformation was analyzed both qualitatively and quantitatively using pole figures and ODFs, and the results were reported in Reference 27. In this paper, the texture evolution of the austenite phase is presented in Figure 5 using ODFs from select samples (T3 to T8) for further analyses and comparisons to the other, more complex, loading cases.
The texture evolution is highly dependent on the SFE of a phase. As the SFE is altered, the resultant textures can have different characteristic components such as Copper-type (medium SFE) and Brass-type (low SFE) textures under a given deformation condition (e.g., tension, rolling, or torsion). As it was previously pointed out, the 304L stainless steel (austenite phase) has a relatively low SFE. Therefore, the austenite texture of its stable single-phase counterpart is also known as the brass-type texture. [45, 46] The brass-type torsion texture constitutes of a uniform distribution of ideal texture components with strong A 1 *, B/ " B, A/ " A, and C components, with the exception of A 2 *, which is reported to be weak. Indeed, the ODFs presented in Figure 5 reveal a similar type of texture evolution except for the C component, the intensity of which initially increases then decreases.
Our previous study showed that the observation of the A 1 *, B, and C texture components of the austenite matrix is of particular importance during the torsional deformation. [27] More quantitative details will be presented in the next section together with the results from BT and BC.
In the current work, to further discuss the issue of preferential transformation, the Visco-Plastic Self-Consistent (VPSC) model [47] was used to calculate and illustrate the distribution of the Taylor factors in the fcc phase during the torsional deformation. The modeling was carried out with 14,400 grains under fixed-end torsion, using secant linearization with fcc slip on the {111}h110i system. Since the Taylor factors are grainorientation dependent, the model calculates the Taylor factor of each grain based on the predicted texture. For this procedure, the experimental texture from T4 was used as an input. In order to avoid additional texture evolution, minimal straining of the order of c = 0.01 was applied. The calculated Taylor factor data for 14,400 grains were then used as input to the MTEX software, and the Taylor factor map was plotted covering all of the ideal fcc texture components (Figure 6) . The results show that the C component bears the highest Taylor factor among all ideal fcc components followed by B/ " B, A 1 */A 2 *, and A/ " A components, and this hierarchy is in good agreement with the literature data from single-phase stable materials in the absence of transformation. [48, 49] 2. Simultaneous biaxial torsion/tension and torsion/ compression
The austenite texture evolution in terms of ODFs under BT and BC conditions is presented in Figures 7  and 8 , respectively. The texture evolution under BT shows a dominant A 1 * component and a C component initially growing in intensity followed by a decreasing trend much like the results presented under the T case. [27] For the BC case, a dominant A 1 * is also present; however, the C component is always weak. The A 2 * component is insignificant in both cases of BT and BC, whereas the B component stands as the second strongest component to A 1 *, to be followed by the A component.
The quantitative evolutions of these components are presented in Figure 9 as a function of applied equivalent strains for the sample sets a) T, b) BT, and c) BC. In [44] Component Orientation
The plane normal of (hkl) is parallel to the axial direction, Z, and the direction [uvw] is parallel to the shear direction, h, of the specimen as shown in Figure 1 . S3   S4   S6   S8  S9   T3   T4   T5   T6   T7   T8   T9 T2 T1 Fig. 4 -bcc martensite phase evolution as a function of applied shear strain under stepwise tension-torsion (S) in comparison to torsion (T). The only difference between the two cases is that the S specimens were subjected to a uniaxial tensile ''pre-strain'' of about 0.13 before the subsequent torsion.
principle, the ideal fcc deformation texture during torsion should result in the A 1 *, B, and C components to be increasing in intensity with increasing strains resembling a low-SFE, brass-type texture. However, after the breakdown of the initial weak extrusion texture (T0-T2), the C component intensity shows an initial increase (T2-T4) followed by a sudden decrease and a continuously diminishing trend (T5-T9), which was attributed to a preferential transformation of the fcc matrix to bcc martensite in our earlier study. For the BT subset, the C component intensity shows an initial increase from e eq = 0.3 to 0.6, becoming the dominant one in this strain interval, followed by a continuous decrease similar to the case of T. On the other hand, A 1 * and B intensities show continuous increase resulting in the same component hierarchy as the case of T in the end.
Finally for the BC, the hierarchy of the texture components at the end of the deformation and the general trend of the A 1 * and B components are similar compared to the T and BT cases. The C component intensity, however, shows a continuous decrease from the early stage of the deformation. Overall, even though the final intensity hierarchy is not different under the changing deformation modes, the C component intensity evolutions show significant differences and will be further discussed in Section VI-B.
Stepwise tension followed by torsion
The ODFs of the S-cases are presented in Figure 10 . The A 1 * component is the dominant component, whereas C and A 2 * components are weak/random at S9. These trends closely resemble the ones observed under the torsional deformation. The intensity hierarchy is manifested as A 1 * > A ‡ B ) C >A 2 *.
C. Evolution of Deformation and Transformation Microstructures
The evolution of the deformation/transformation microstructures for samples deformed under torsional and biaxial loading conditions is characterized using EBSD. First, the effect of the EBSD scan step size on microstructural characterization is presented for specimen T3 in Figure 11 (a). The step size was decreased from 0.5 lm (left), to 0.1 lm (middle), and to 0.05 lm (right), with each subsequent set corresponding to a subsection in the previous step indicated by overlaying windows. As the step size becomes finer, the level of detail in the micrographs increases at the cost of sampling area.
In this work, the main goal is to identify the dependence of martensite formation on the strain path and the grain orientation in the context of texture relationships. Thus, in the current EBSD analysis, it is more important to address the inhomogeneous distribution of martensite and its volume fraction with statistical significance adequate for a comparison to the diffraction data rather than to attempt to identify the detailed characteristics of individual martensitic units.
For example, quantitative analyses from the phase maps in Figure 11 (a) reveal that the bcc martensite fractions are 6, 8.7, and 18.5 pct for the step sizes of 0.5, 0.1, and 0.05 lm, respectively, whereas it is observed to be about 7 pct from the statistically more meaningful S-XRD data. The deviation from the S-XRD data becomes more prominent as the step size becomes finer and sampling area becomes smaller.
Consequently, instead of using a very fine scan step size, the 0.5 lm apparent step size was chosen to attain an optimal balance of microscopic detail and sampling area. Moreover, the operating probe current of the FE-SEM was reduced compared to the general mapping conditions at the expense of measurement speed in order to improve the spatial resolution. Accordingly, an actual resolution better than 0.1 to 0.3 lm was obtained in our EBSD work.
Further in Figure 11 (a), two types of shear bands are identified in the center grain (see 0.1 and 0.05 lm step sizes) one crossing diagonally (Type A, yellow) and another vertically (Type B, black). Figure 11 (a) shows that a considerable amount of martensite phase is already decorating shear bands in the center grain. In Figure 11(b) , the twin boundaries (red), shear bands (black), and the a¢ martensite (green) are shown in the austenite matrix (gray). The martensite phase generally forms either at the intersection of shear bands or the intersection of a shear band and a twin boundary. The growth then seems to occur either along the shear bands or along the twin boundaries. A closer look in Figure 11 (b) with the 0.05 lm step size reveals that the martensite formation initiates from the intersections of shear bands Type A or B, and extending along the twin boundaries or the shear bands. Overall, intersections of deformation substructures, whether they are shear-shear or shear-twin types, are observed to be the nucleation sites for the martensite phase. However, a more detailed study on the nature of nucleation would be beyond the scope of this work.
Five different locations were measured per sample to further improve the statistics of phase fraction measurements. The bcc phase evolutions from the EBSD measurements, obtained following this procedure, show a reasonable agreement with the S-XRD data as presented in Figure 12 . Each EBSD data point corresponds to the average of five measurements and the error bars represent the standard deviation.
Selected band contrast images are shown in Figure 13 for sample sets T, BT, and BC. For T, Figure 13 shows that as the deformation progresses from T3 to T6 the corresponding band contrast images become darker, illustrating the evolution of deformation-induced substructures, such as shear bands and strain-induced martensite with increasing strains. This trend is more prominent for the biaxial deformation cases. Moreover, for a given deformation level, e.g., comparing T6 with BT6 or BC6, the band contrast density, i.e., the density of deformation substructures, seems to increase from T, BC, to BT. More quantitative comparisons are presented in Figure 14 . Microstructural features such as grain boundaries and microscopic shear bands cannot be indexed during the phase identification using the EBSD. Instead, they are registered as the 'No-Index' fraction. [50, 51] It should also be noted that EBSD is a SEM-based technique and, therefore, the spatial resolution is usually not high enough to fully resolve extremely fine initial martensitic lath or embryos. Accordingly, some martensite laths that are too fine or highly dislocated may also not be indexed during phase identification. However, the influence of un-indexed martensite laths on the 'No-Index' fraction is expected to be minimal since Figure 12 reveals a reasonable agreement between the S-XRD and EBSD bcc fraction data.
The quantification of shear band evolution is a challenging task. However, assuming a similar average grain size for T, BT, and BC, the 'No-Index' fraction may be used to semi-quantitatively characterize the evolution of shear bands. The evolution of the 'NoIndex' fractions is presented for the BT and BC sets as a function of applied equivalent strains in comparison to T in Figure 14(a) . The results show that, in all three cases, the 'No-Index' fraction increases almost linearly with the strain. Moreover, for a given strain, the 'NoIndex' fraction increases from T, BC, to BT. The 'No-Index' fraction, under the given circumstances, however, would only serve to indicate the amount of shear bands that has not yet undergone martensitic transformation. Therefore, in order to probe the total amount of transformed and remaining shear bands, the sum of the 'No-Index' and the martensite fractions are also presented in Figure 14(b) . The evolution of shear bands and their significance for the martensitic transformation kinetics will be discussed along with the results from the Olson-Cohen analysis in Section VI-B.
Finally, the phase, grain orientation, and texture components are mapped through post-processing of the EBSD images obtained from the Z-h plane of the pin samples. Two samples, T3 and T6, are selected for further discussion and their respective maps are presented in Figure 15 . The phase maps are presented in the first column to show the phase distributions of the bcc martensite phase (red) within the austenite grains (green). The distribution of the grain orientations is illustrated in the 'orientation map' using a color scale with the corresponding color code presented in the inverse pole figure (IPF). Accordingly, the red grains have their {001} plane normals aligned with the Z-axis; while the blue grains their {111}, and the green their {101}. Here, the martensite grains are not color indexed for an easier identification of the austenite grain orientations. In these maps presented, the normal to the map is Z, while the horizontal direction is h and the vertical is r. Initially, the images were taken from the Z-h plane of the deformed specimens as described previously. Subsequently, during post-processing of the data, the alignment was altered in the analysis program to bring the Z axis normal to the maps.
As introduced in Table II , some austenitic grains with specific orientations belong to certain ideal texture components ({hkl} plane normals parallel to the Z-axis and huvwi parallel to h). Then the texture component maps in Figure 15 can be used to reveal the texture component of each grain, e.g., C grains marked with purple, A* grains with green, etc. The grains of interest are marked with arrows for further discussion in Section VI-A.
VI. DISCUSSION

A. Texture-Transformation Relationship Under Torsional Deformation
The close correlation between the bcc martensite transformation rate and the evolution of the C component intensity sheds light on the preferential transformation mechanisms under pure torsion. Figures 16(a) or (b) show that, under torsional deformation, an increasing C component intensity was accompanied by an increasing transformation rate and vice versa. [27] A set of grains with low Taylor factors contains at least one slip system favorably oriented with respect to the applied stress requiring relatively smaller total shears to accommodate the deformation. Consequently, these grains are expected to result in less pronounced deformation-induced substructures compared to grains oriented with higher Taylor factor. [50] This can be illustrated using Eq. [5]: [52] X Dc ¼ MDe ½5
According to this relationship, the grains with the highest Taylor Factors (M) experience the highest sum of microscopic shears (RDc) for an applied von Mises equivalent macro-strain (De) and, therefore, would accumulate the highest amount of dislocation density and stored energy. [49, 52] The Taylor factors from the work of Reference 48 for the ideal fcc torsion texture components were reported as A/ " A = 1, A 1 */ A 2 * = 1.154, B/ " B = 1.414, C = 1.73. Similarly, according to Figure 6 , the C component has the highest Taylor factor among all the ideal austenite texture components. Therefore, a set of grains belonging to the C component would offer a greater number of dislocation intersections that can act as possible nucleation sites for the martensite embryos, and the associated stored energy would supply the highest driving force for the transformation. Accordingly, the grains belonging to the C component would be subjected to a preferential phase transformation. Therefore, the typically strong C component during torsional deformation of a single-phase 6 BT BC T 3 50 μm Fig. 13 -Band contrast images measured using EBSD. The columns correspond to the applied loading paths: torsion (T), simultaneous biaxial torsion/tension (BT), and simultaneous biaxial torsion/compression (BC). The rows correspond to the specimen numbers denoting the matched equivalent strain levels. For example, T3, BT3, and BC3 were all subjected to e eq % 0.3. alloy would be preferentially consumed by the martensitic transformation in the current specimens, resulting in the strong correlation between the transformation rate and the C texture evolution. The transformation-texture relationship in the context of preferential transformation was further investigated at the microscopic level using the EBSD results presented in Figure 15 . For the T3 specimen, where not much transformation has yet taken place toward the end of the incubation period, the phase map shows that the microstructure consists mostly of austenite grains (green). It also shows that the strain-induced martensite (red) appears predominantly at the shear-band intersections. However, it should also be noted that not all shear-banded regions transformed to bcc martensite, as it is evident in both phase maps of T3 and T6.
Let us further examine the grain marked with 'arrow 1' in Figure 15 for the relationship between grain orientation and transformation. The orientation map of T3 reveals this 'grain 1' (remnants of the parent austenite matrix) to be of (100) type shown in red, i.e., a grain with its (100) plane normal parallel to Z axis. The texture component map shows more details on the grain orientation in that this particular grain (remaining austenite matrix) belongs to the C component shown in purple, which is a subset of the (100) type whose ½0 " 11 is also parallel to the h direction. Therefore, the T3 results illustrate that the bcc martensite is predominantly appearing on fcc with the C texture component, consistent with the S-XRD results.
The gray areas in the texture component maps correspond to grains that could not be indexed for any of the ideal fcc texture components. It is naturally expected that the martensite phase will not contribute to any of the listed texture components, thereby making the detection of the austenite texture relationship easier especially at higher deformations, where the austenite grains can be heavily consumed by the martensite phase. It should be noted that very few of the austenite grains observed in the EBSD texture component map are oriented to satisfy an ideal texture component. However, when combined with more statistically meaningful S-XRD data, the EBSD texture component map provides useful microscopic details. The T6 phase map shows that the 'grain 2' has transformed to bcc martensite (mostly red), while 'grain 3' is still fully austenitic (green). The orientation map reveals the untransformed 'grain 3' to be of (111) type suggesting that it may belong to A or A* type. It is, however, more difficult to distinguish the orientation of the remainder of the austenite matrix in the heavily transformed 'grain 2' due to the presence of the embedded martensite. Nevertheless, since the martensite phase is not indexed for any of the ideal fcc texture components, the detection of the austenite texture relationship becomes possible. The result shows the remnants of the austenite matrix in 'grain 2' to be of (100) type (red). Finally, the texture component map reveals that the untransformed 'grain 3' is A* type (green), while the heavily transformed 'grain 2' belongs to the C type (purple). Such strong correlation between the presence of a¢ martensite and the C component of the austenite phase has been observed in other numerous micrographs as well, but they are not presented here.
In summary, based on the observation of phase, orientation, and texture component maps, the bcc martensites appear at the shear-banded regions preferentially in a grain with its (100) plane normals parallel to the Z-axis, but more specifically, in a grain with the C texture component. This was best illustrated in the case of T6, where 'grain 2' (belonging to the C component) was heavily transformed, whereas neighboring 'grain 3' (belonging to one of the A* components) remained completely untransformed. Finally, it should be noted that the EBSD results presented here are to complement more statistically meaningful S-XRD data by providing visual evidences of the local microscopic relationship.
B. Martensitic Transformation Kinetics Under Biaxial Deformation
The correlation between the C texture component evolution and the martensitic phase transformation rate was also observed for the BT and the BC cases as shown in Figures 16(a) and (b) . In Figure 16 (a), a good correlation between the transformation rate and the C intensity evolution is observed for the BT case similar to the T case. Moreover, the C intensity levels are higher under BT compared to T, while BT is also accompanied by a relatively higher peak transformation rate (as well as the amount of the martensite formed) for a given applied equivalent strain. The addition of tensile strains during the BT may have caused this as tensile deformation for this alloy yields a (100) and (111) type texture in the axial direction as evidenced by the IPF measured for a sample deformed under uniaxial tension to e = 0.35 shown Figure 17(a) . Since the C component also has the (100) plane normals parallel to the axial Z direction, added tension is then expected to enhance the formation of the C component.
The BC subset, on the other hand, yields the least amount of martensite accompanied by the lowest transformation rate, which is also consistent with its very low C intensity development presented in Figure 16(b) . From the perspective of compression texture evolution, compressive deformation of the current alloy yields a (110) type texture in the axial direction as evidenced from the IPF shown in Figure 17(b) , measured for a sample deformed to e = À0.25 in compression. Therefore, the addition of compressive texture component does not affect the overall texture evolution in an advantageous way for the preferred phase transformation.
In addition, the evolution of shear bands and their relationship with martensitic transformation are also investigated for the biaxial deformation cases, since intersections of microscopic shear bands, e.g., stacking fault bundles, are considered effective sites for the nucleation. [24, 53] The Olson-Cohen (O-C) analysis [2] (see the inset table in Figure 3b ) suggests that the increase in the bcc martensite fraction under BT condition is related both to the increase in the rate of shear band formation (a) and the higher probability that their intersections will generate a martensite embryo (b), compared to T. On the other hand, even though the O-C analysis suggests an increase in the rate of shear band generation (a) under BC, a lesser probability that their intersections will generate an embryo (b) suppresses the martensite formation in comparison to T.
The formation of shear bands is one way of accommodating the deformation and, therefore, the number of shear bands will increase with increasing strains regardless of the deformation mode as observed in Figures 13  and 14(a) . However, the rate of shear-band formation (a) will depend on the loading condition. For instance, the 'No-Index' fraction increases more rapidly under BT compared to T, as shown in Figure 14(a) , indicating a higher rate of shear band generation in accordance with the higher a parameter from the O-C analysis. Furthermore, Figure 14 (b) reveals an overall shift in the total amount of shear band volume (transformed+untrans-formed) in favor of BT compared to T, thus consistent with the higher b parameter of BT from the O-C fits.
The evolution of the 'No-Index' fraction under BC also suggests a slightly higher amount of microscopic shear bands in comparison to T as presented in Figure 14 (a), again consistent with the O-C analysis. However, when the total transformed and untransformed volumes are compared in Figure 14(b) , the difference between BC and T is marginal, which is in a good agreement with the O-C analysis, where the lower b of the BC case counters the higher a.
Overall, the results suggest that, in comparison to T, inhibiting factors for martensitic transformation are in operation under BC, whereas it is the opposite under BT even though both biaxial subsets were subjected to similar magnitudes of axial and shear strains.
C. Effects of Axial Strains on the Transformation Kinetics
Ungar et al. [54] reported the differences in deformation microstructures under torsion and tension using X-ray diffraction line profile analysis and transmission electron microscopy. A multiple slip was reported to be dominant under tension, whereas a double slip was dominant under torsional deformation. The differences in deformation micro-mechanics resulted in different dislocation densities, where a higher dislocation density was observed under torsion. However, dislocations move mainly in parallel planes under torsion (near to the plane of torsional shear stress); therefore, dislocation intersections occur less frequently than with tension. [55] The intersection of microscopic shear bands, such as stacking fault bundles, is an effective site for straininduced martensitic transformation. [10, 24, 56] A wide stacking fault is formed by either interaction between unlike dislocations or interaction between mobile dislocations and pre-existing dislocations of a different slip system. After the formation of such wide stacking faults, the active dislocations passing on slip planes near the stacking fault can easily be extended, thereby greatly increasing the frequency of overlapping stacking faults and possible nucleation sites for the bcc martensite. [57] Moreover, dislocation annihilation can take place by the combination of dislocations of the same Burgers vector with opposite characters. Therefore, as there are more active slip systems (N), i.e., different Burgers vectors, for a given dislocation density, the average separation between the dislocations of the same Burgers vector and of opposite character will increase by a factor of N in comparison to a case where only one kind of dislocation is active. [58] Therefore, the introduction of simultaneous axial strains is expected to stimulate the transformation by increasing the probability of dislocation intersections over the already large dislocation density supplied by torsion through introducing unlike dislocations and dislocations of a different slip system via multi-slip. Also, the more prominent the presence of axial strains, the lower the rate of dislocation annihilation would be. Accordingly, in comparison to torsion, the martensitic transformation kinetics would enhance under BT as has been shown earlier.
From this perspective, a similar behavior in martensite transformation kinetics is expected under BC, but the experimental results showed otherwise. The transformation of the austenite to bcc martensite is accompanied by a volume expansion (as much as 4 pct). [28, [59] [60] [61] According to Bain, formation of a bcc lattice from the fcc structure requires a distortion in the parent phase, also called the Bain distortion, B. It can be expressed using the lattice constants of the parent fcc (a fcc ) and product bcc phases (a bcc ) according to Eq. [6] , and the associated volume change can be calculated using Eq. [7] . [62, 63] 
The 304L stainless steel used in this study only constituted the austenite phase in the as-received 'stress-free' state. Therefore, in order to investigate the volume changes accompanying the martensitic transformation, the lattice parameters obtained from the deformed/transformed specimens were used to illustrate the point. The Rietveld refinements using full Debye-Scherrer rings from all rotations (x) provided the lattice parameters to be on the order of a fcc = 3.59 and a bcc = 2.87 angstroms for specimens T1 to T9. The corresponding volume changes ranged from 2 to 2.5 pct based on the calculations from all of the samples deformed under torsion (T1 to T9).
Further, the shape change accompanying the transformation can be described by a deformation gradient F 0 T , Eq. [8] , consisting of a shear, c, and a dilatational component, D, parallel and perpendicular to the habit plane, respectively. [63] 
Consequently, the surrounding phases, i.e., the parent austenite and the already formed martensite, would put each newly forming martensitic embryo under compression, signifying the effect of volumetric constraints on martensitic transformation. For instance, the M S temperature of very thin specimens is reported to be higher than that of bulk specimens as the grains in bulk specimens are subjected to more constraints. [61] As a result, even though the compressive strains would not have the same effect on every martensite variant, additional volumetric constraints introduced by the compressive component could be responsible for the lower probability of martensite embryo generation regardless of the higher amount of shear band formation in the BC case.
In summary, the effects of the application of simultaneous axial strains over the torsional strains on the martensitic phase transformations are found to be twofold. The application of simultaneous tensile strains enhances the martensitic transformation both through supplying more favorably oriented grains for transformation and higher rate of shear band generation as well as an increased probability of martensite embryo formation at their intersections. On the other hand, the application of simultaneous compressive strains not only inhibits the formation of favorably oriented grains for transformation but also reduces the probability of martensite embryo generation even with the increased shear band density, thereby hindering the martensitic transformation in comparison to torsion.
D. Enhanced Martensitic Transformation Kinetics Under Stepwise Deformation
The axial pre-strains ranged from 0.1 to 0.14 for the sample set S (see Figure 2 and Table I ) and the increase in martensite weight fraction ranged from 4.5 wt pct in S3 to 18 wt pct in S9 compared to their torsional counterparts shown in Figure 4 . On the other hand, the reference sample deformed under tension to a similar strain (e = 0.12) produced only 1.3 wt pct bcc martensite. Therefore, the active mechanism responsible for the observed increase in bcc martensite phase fraction under S should not be solely related to additional bcc fraction introduced by the tensile pre-strains.
Deformation of the austenite phase creates the necessary defect structure, which acts as embryos for the martensite phase. [8] In the work of Spencer et al., [56] the application of plastic pre-strains at room temperature increased the rate of martensitic transformation under secondary tensile deformation at 77 K (À196°C), which was induced by the high density of pre-existing dislocations introduced by the preliminary deformation at room temperature. Similarly, in this case, even though the initial tensile pre-strains do not introduce a significant amount of bcc martensite, they can aid in the formation of the necessary defect structure to overcome the initial incubation period for the transformation. [7, 8, 64, 65] This, in turn, could result in enhanced martensitic transformation under subsequent torsional deformation. This also manifests itself in the almost linear increase in bcc martensite fraction starting from the earlier levels of deformation under S compared to T as shown in Figure 4 .
VII. CONCLUSIONS
A 304L stainless steel that exhibits the TRIP effect was studied under pure torsion, simultaneous biaxial deformation modes of torsion/tension and torsion/compression, and stepwise loading of tension followed by torsion at room temperature to investigate strain-statedependent phase transformation kinetics and its relationship with the texture evolution and the deformation microstructures using S-XRD and EBSD techniques. The conclusions are as follows:
1. The martensitic transformation kinetics was enhanced under biaxial torsion/tension, whereas it was suppressed under biaxial torsion/compression when compared to pure torsion for a given applied equivalent strain. The application of stepwise tension followed by torsion also enhanced the martensitic transformation similar to the biaxial torsion/ tension case. 2. The texture evolution of the parent austenite phase under all deformation conditions was manifested with a dominant A 1 * component. Under simultaneous biaxial torsion/tension, the C component intensity initially increased in strength followed by a decreasing trend similar to torsion. However, for the simultaneous biaxial torsion/compression, the C component intensity was always very weak. As for the stepwise tension-torsion, the C component was always close to the point of depletion. The B component, on the other hand, was the second strongest component to A 1 * for all the cases. 3. The close correlation between intensity evolution of the fcc C texture component ð100Þ½0 " 11 and the rate of martensitic transformation was documented under torsion both with S-XRD and EBSD techniques revealing the preferential transformation of the grains belonging to this component. Martensitic transformation rate under simultaneous biaxial torsion/tension showed a close correlation with the C component evolution similar to the case of torsion in terms of the preferred transformation. Moreover, higher C intensity levels were observed under torsion/tension compared to torsion, which was accompanied with a higher peak transformation rate. The torsion/compression, on the other hand, yielded the least amount of transformation along with the lowest transformation rate consistent with the lowest C intensity levels observed. 4. The Olson-Cohen analysis showed that both the rate of shear band generation (a) and the probabil-ity that a shear band intersection will generate a martensite embryo (b) increased under simultaneous biaxial torsion/tension when compared to torsion. On the other hand, even though the analysis also suggested an increase in a under simultaneous biaxial torsion/compression, b decreased compared to torsion. This behavior was also confirmed by shear band analysis using EBSD measurements. The suppression on volume increase associated with martensitic transformation was attributed to this behavior under torsion/compression as compressive forces could oppose the necessary volume expansion during the transformation. 5. The enhanced transformation observed under stepwise tension-torsion was attributed to the initial tensile deformation producing the necessary defect structure in the austenite phase required for martensitic embryos to nucleate, thereby overcoming the incubation period and accelerating the transformation under subsequent torsional deformation. An additive effect of bcc martensite formed under tensile pre-strains was found to be of minor importance. The C component reached depletion at a faster rate than pure torsion, which is consistent with the enhanced martensitic transformation during the secondary torsional deformation. 
ACKNOWLEDGMENTS
